ABSTRACT Vesicle polydispersity and leakage of solutes from the vesicle lumen influence the measurement and analysis of osmotically induced vesicle swelling and lysis, but their effects have not been considered in previous studies of these processes. In this study, a model is developed which expressly includes polydispersity and leakage effects. The companion paper demonstrated the preparation and characterization of large unilamellar lipid vesicles. A dye release technique was employed to indicate the leakage of solutes from the vesicles during osmotic swelling. Changes in vesicle size were monitored by dynamic light scattering (DLS). In explaining the results, the model identifies three stages. The first phase involves differential increases in membrane tension with strain increasing in larger vesicles before smaller ones. In the second phase, the yield point for lysis (leakage) is reached sequentially from large sizes to small sizes. In the final phase, the lumen contents and the external medium partially equilibrate under conditions of constant membrane tension. When fit to the data, the model yields information on polydispersity-corrected values for membrane area compressibility, Young's modulus, and yield point for lysis.
INTRODUCTION
Vesicles are widely used as model systems for the study of both passive and facilitated membrane transport phenomena (Kaback, 1986) . In addition, they are becoming widely used for the encapsulation of DNA, drugs, insecticides, herbicides, and food flavorants and colorants (Gregoriadis, 1984) . In spite of this widespread interest, and the enhanced ability to control liposome size and composition, technical difficulties related to vesicle polydispersity and permeability have limited the development of quantitative information on these systems. Of specific interest are the mechanical properties that characterize membrane tension and membrane permeability, both of which are influenced by vesicle size. There is a great need for methodologies that support simultaneous (or at least parallel) monitoring of biochemical activities and membrane mechanical properties ifwe are to test hypotheses linking membrane tension, permeability changes, or channel activities to physiological outcomes. The combined use of dynamic light scattering (DLS) and fluorescence self-quenching spectroscopy, together with the ability to expressly include polydispersity in the analysis of the results, allows this need to be at least partially met.
A variety of techniques have been used in attempts to characterize membrane vesicle elasticity (Rutkowski et al., 1991 ) and permeability (Ye and Verkman, 1989) . Three groups have used dynamic light scattering (DLS) to measure the swelling of vesicles in response to an imposed osmotic pressure gradient (Sun et al., 1986 , Hantz et al., 1986 , Rutkowski et al., 1991 . Their measurements have indicated an increase in radii of no more than 6%, and Young's moduli of I07 to 108 N m-2. However, interpretation of light scattering data derived from membrane vesicle samples has been complicated by a number of factors. Theoretical treatments of vesicle osmotic swelling have usually been based on the assumption that vesicle populations have been unilamellar and monodisperse, though such populations are not readily prepared. As well, previous interpretation ofvesicle swelling data depends on assumptions regarding the behavior of vesicles that reach (or exceed) their elastic limit, yet parallel measurements of vesicle swelling and lysis have not been reported.
The preceeding article (Ertel et al., 1993 ) described the preparation ofosmolyte-loaded lipid vesicles suitable for swelling and lysis measurements. DLS was used to obtain number distributions of membrane vesicle radii, and nuclear magnetic resonance spectroscopy was used to determine vesicle lamellarity. DLS and fluorescence techniques were then applied in parallel to monitor, respectively, the vesicle swelling and the release oflumenal solutes that accompanied dilution of the vesicles with hypotonic buffer. In this paper those data are shown to be described by a model for membrane stretching and lysis, which encompasses the polydispersity of the sample populations. The model suggests that osmotically induced lysis entails only limited equilibration of vesicle contents with the surrounding medium and a post-lysis vesicle size distribution that is altered by limited vesicle swelling, but not by vesicle fragmentation. Fits of the model to experimental data provide information on the area compressibility, the Youngs's modulus, and the yield points for lysis which are corrected for polydispersity. boxyfluorescein (CF) by vesicles that are subject to hypoosmotic stress. Several alternative models involving complete release through fragmentation, total release through complete equilibration, and partial release through partial equilibration were considered. The only model that was consistent with all the data was the one involving partial release through partial equilibration. This model is based on standard stress/strain expansion of a spherical shell to a yield point at which pore openings allow the dye concentrations of the lumen and the medium to partially equilibrate. Once this occurs, the vesicle is assumed to reseal at a fixed swollen size. These assumptions will be shown to be consistent with both the DLS and the fluorescence results. The vesicle size is shown to be an extremely important parameter for governing the osmotic pressure difference at which lysis occurs. The model is first developed for the monodisperse case. Polydispersity is subsequently included.
If a thin spherical shell such as a vesicle is subject to a net internal excess pressure, the stress on the walls must balance the resultant fluid force. Considering hemispheres,
The increase in strain with pressure gradient (Eq. 6) depends on vesicle size. The dashed lines at the lower left show that the strain increases with vesicle radius for a fixed pressure gradient. Larger pressure gradients are required to reach the yield point for leakage, e*, (vertical dashed line on the right) from small vesicles than from large ones.
where a is the stress, r is the radius ofthe vesicle, Ap is the pressure difference between the inside and the outside of the vesicles, and t is the wall or membrane thickness. The stress on the membrane wall is resisted by the interactions between the molecules composing it and by the effects of surface tension. The stress is related to the strain (fractional change in surface area A) through the relation, AA A~~~~~( 3) in which k is the stretching (Young's) modulus. If AA IA is represented by ((r + Ar)2 -r2)/r2 then for small strain,
The strain increases with the stress until a yield point is reached and leakage begins, possibly through the development ofshort-lived pores in the membrane. The value of the strain, e*, at which this happens is represented by * (r) (S) 
This result is equivalent to the equilibrium condition first obtained by Katchalsky et al. ( 1960) for the haemolysing red blood cell. Eqs. 6 and 7 indicate that as the osmotic pressure difference across the vesicle membrane gradually increases, the strain increases linearly to the yield point, but the slope is inversely proportional to the vesicle radius. As the pressure gradient Ap grows (see Fig. 1 can readily be determined from the intensity ofthe fluorescent signal. When release begins, the osmotic pressure gradient across the vesicle wall is Ap * = (4kt )* = RT(C* -C*) (10) where R is the gas constant and Tis the absolute temperature. Writing
The concentration gradient across the membrane remains fixed at this amount as the external concentration is reduced below C*Z1. If C is used to designate the internal concentration in this region, then
The graphical form of Eq. 17 is shown as a function of the external osmolarity CQ,1. Co is the initial osmolarity inside and outside the vesicles. The external osmolarity at which leakage begins and fluorescence begins is C*,. The internal osmolarity at the onset of leakage and fluorescence is shown by the hollow circle.
sity will be included at a later stage in the development of the model. Initially, the vesicle is assumed to have an internal (lumen) solute concentration that is isotonic with the external medium. Thus, the initial internal and external concentrations can both be designated CO. As the concentration of the external medium, Cr0, is gradually diluted from its initial value of CO, the vesicle radius will increase from its initial value, r, to r*, at which point leakage or lysis begins. The external concentration at this leakage yield point is C* ,. While the external concentration falls from C0 to C * , the internal concentration falls from CO to C*, where,
Kr*
The internal concentration, C, continues to drop until Cs,, reaches zero. Assuming that r* and f remain constant as C,O1 falls, the total amount of dye released into the medium is given by Q= 4"(r*) f(C* -C).
Defining the percentage of total dye released, %F, as %F= 100 Q Qmax ( 15) where, 4Qrr3 Qmax = 3 fC0 (16) and combining Eqs. 13, 14, 15, and 16 yields the final expression for percent dye release as a function of external concentration for a monodisperse vesicle system, All these concentrations are osmolarities. A fixed fraction, f, of these solutes is the fluorescent dye, which is well above its self-quenching limit at the concentrations,
The initial dye concentration in the external medium is zero and remains at zero until the external osmolarity reaches the value C*, (see Fig. 2 .) Below C*, vesicles begin to leak their contents. The dye that is released to the medium is not self-quenched, and its concentration 1* (17) This is the function graphed in Fig. 2 r* KE* ro = (I + E*) (C* C,,j)(I +,E*) limit, which occurs when C.., approaches the asymptotic and artificial limit of -o0, then the second term of Eq. 24 can be dropped and, As a result, K, e*, and C* can be obtained by fitting a straight line to the linear section of % F data measured using the appropriate range of C,.,. Since good estimates of t, the membrane thickness, are available from independent x-ray diffraction studies, then the modulus, k, can be determined from K.
The effects of polydispersity can, therefore, be specifically included in the model. It is clear that for very narrow distributions, the equations converge to their monodisperse counterparts. In a later section the model is successfully applied to the swelling and leakage of a fairly narrow distribution of lipid vesicles. It would have been ideal to test the model on broader distributions as well, but it has proven difficult to prepare broader distributions without a significant fraction ofthe vesicle population being multilamellar. The alternate approach is to extend the model to include multilamellar vesicles. This is presently being attempted.
EXPERIMENTAL METHODS
The preparation of dioleoylphosphatidylglycerol (DOPG) vesicles is described in detail in the companion paper (Ertel et al. 1993 ). The samples for lysis (50 mg/mL DOPG in 20 mM sodium 3 (N-morpholino)propane sulfonic acid (NaMOPS) were extruded through polycarbonate filters of pore radius 50 nm. In addition, 100 mM 5(6)-carboxyfluorescein (CF, the self-quenching fluorescent probe), and 600 mM sodium chloride were added to the medium prior to the freeze/thaw cycles. At this concentration the fluorescence of the dye is almost totally self-quenched. The total osmolarity of the solution in the vesicle lumen is 1500 mosM plus the additional osmolarity due to the 20 mM NaMOPS. The free probe remaining in the medium was removed from the probe-loaded vesicles by gel filtration chromatography. The chromatographing solution used for this purpose was the isotonic solution containing 750 mM NaCl plus the 20 mM NaMOPS. The lysis experiments were performed by diluting the external medium with a solution containing 20 mM NaMOPS only. The sample was diluted by making step-wise additions ofthis hypoosmotic buffer and allowing the sample to stir for 5 min at each step before fluorescence readings were taken. Since the 20 mM NaMOPS was always present at the same concentration inside and outside the vesicle, it did not play a role in establishing the osmotic pressure gradient and was not included in the computation of internal and external osmolarities.
The relative loss of 31P signal (RLOS) in the presence of Mn21 (Bergelson and Barsukov, 1977) (Weinstein et al., 1977; Chen and Knutson, 1988) . Details on the preparation of this dye and the fluorescence measurements are included in the companion paper (Ertel et al. 1993 ). Fig. 4 shows the fluorescent intensity of CF at relatively low dye concentrations. Prior to the onset of lysis, the dye concentration in the external medium was essentially zero. As lysis proceeded, dye was released as the solution was diluted. As a consequence, every fluorescence measurement corresponded to a dye concentration of less than 1 MM and was well within the linear region ofthe fluorescence vs. concentration curve. The fluorescence measurements were performed on a Hitachi F-2000, using an excitation wavelength of 479 nm and an emission wavelength of 520 nm.
The dynamic light scattering experiments used to determine vesicle size distributions have been described in detail earlier (Hallett et al., 1989 (Hallett et al., , 1991 . A model 125A helium-neon laser (Spectra Physics, Mountain View, CA) was focused into a thermally jacketed scattering chamber. The light scattered by the vesicles was detected by an EMI 9863 photomultiplier (EMI Electronics Ltd. Hayes, England) and photon discrimination and counting was performed using a quantum photometer (Model 1140; Princeton Applied Research, Princeton, NJ). The correlator used was a Langley-Ford Model 1096 (Langley-Ford Instruments, Amherst, MA) and the resulting correlation functions were analyzed using RayleighGans-Debye form factors for hollow spheres in a discrete Laplace inversion routine. Self-quenching is apparent even at dye concentrations as low as 3 IAM.
RESULTS
The DLS size distribution results from vesicle samples in isotonic medium are shown in histogram form in Fig. 5 . Even though it is shown as being discrete, the histogram is completely space filling and represents the smooth number distribution of vesicle radii present in the sample. The average size ofthe vesicles in this distribution is 50.4 nm. The solid line plotted in Fig. 5 corresponds to the distribution function given by Eq. 11, with F set at 50.4 nm and m = 29. The value of m was chosen to minimize the least squares differences between the theoretical function and the experimental function from DLS. While the agreement is not perfect, the function represents the experimental results remarkably well.
Fluorescence data from three identical lysis experiments are shown in Fig. 6 . The amount ofdye released at each dilution is expressed as a percentage (%F) of the maximum releasable dye as obtained by treatment ofthe maximally diluted sample with Triton X-100. All three data sets demonstrated the overall characteristics predicted by the model described earlier, and approached straight line behavior at lower concentrations of C.,.
(higher dilutions). A least squares fit of a straight line to this linear section of the data yielded a % F = 0 intercept of 820 ± 40 mosM, a %F = 100 intercept of -470 ± 50 mosM and C5,, = 0 intercept of 63.7 ± 1.8%. The internal concentration at which lysis begins C* is determined (see Fig. 2 ) to be 820 + 470 = 1290 mosM. This quantity is independent of the vesicle size. That is, lysis begins when the internal concentration reaches this value, regardless of the vesicle size. The slope of the straight line section yields a value for the maximum swelling, e*, of 0.05 ± .01. This corresponds favorably with the DLS results taken from equivalent vesicle preparations (see Fig. 7 and Ertel et al., 1993 Table 3 ). The plateau region correlates with the linear segment of Fig. 6 , and provides further corroboration of the model, namely that no further swelling occurs once the yield point for leakage is The fluorescence data from three identical runs (circles, triangles, and squares) per Ertel et al., 1993, Fig. 7, together (Rutkowski et al., 1991 ) have reported similar are leaking their contents. Throughout this linear region amounts of swelling, but did not correlate the swelling the tension in the membrane remains unchanged. Exwith lysis. The curved section of the fluorescence data perimenters with interests in following processes that are (Fig. 6 ) near C *ol is broader than that expected from the thought to be sensitive to changes in membrane tension theoretical curve (Fig. 3) for m = 29 and r = 50.4 nm.
should confine their studies to the region between C°T his may be due to the fact that the yield point is not and C *I. The (Booth et al., 1988; Garcia-Perez and Burg, 1991) , and mechanosensitive ion channels have been identified in many biological membranes (Morris, 1990) . Searches for roles of mechanosensitive ion channels in somoregulation and for mechanosensitive channels that mediate fluxes of non-ionic solutes are suggested by these concepts.
